During 1979 a survey of 131 infants born in Glasgow was made to investigate their dietary intakes of lead, and it was found that most of the dietary lead ingested by bottle fed infants came from tap water. 1
Further analyses of a subsample, comprising 41 of the infants, showed that 37 (90%) had intakes of copper below the World Health Organisation (WHO)/Food and Agricultural Organisation recommended safe minimum intake of 1-26 itmol (80 jig)/kg body weight per day and 33 (80%) were below the recommended absolute minimum of 0-94 jimol (60 [tg)/kg body weight per day. A smaller proportion of the zinc intakes were also below recommended concentrations. In view of this it was decided to give the initial priority to a study of copper intakes. The purpose of the investigation now described was to examine the plasma concentrations of copper in the mothers during later pregnancy, at delivery, and 8-10 weeks later, and in the infants at delivery and 8-10 weeks after birth.
These infants were either breast fed or fed one of two milk formulas supplying copper at different concentrations, one at the upper end of the range of normal concentration and the other at the lower end of the range. The relation between the type of milk and growth and the effect of the type of milk on the concentrations of plasma copper and zinc are examined.
Patients and methods
Mothers and infants. Mothers attending prenatal clinics in a large housing scheme and in the Queen Mother's Maternity Hospital, Glasgow, volunteered to take part after a full explanation of the aims of the study.
One hundred and four infants born at term with a normal birth weight (>2500 g) and 41 low birthweight (<2500 g) infants completed the study. Infants within each group were randomly allocated to a 'low copper' or 'high copper' formula except when the mother chose to breast feed her infant. These data, gender, birth weights, gestational ages, and feeding groups are shown in Table 1 . The gestational age range of the low birthweight infants was 32-40 weeks. The birth weights of seven low birthweight infants lay between the 10th and 20th 1068 Biochemical analysis. Plasma copper and zinc analyses were performed using atomic absorption equipment by the procedure detailed in a previous publication.3
In the case of copper, within and between batch coefficients of variation at a plasma concentration of 3-4 imol/l were 8-6% and 10%, respectively. At a concentration of ,imol/l the corresponding figures were 2-9% and 3-5%. The sensitivity of the method for 95% confidence limits was 0-3 imol/l. In the case of zinc, the intrabatch and interbatch coefficients of variation were 9-8% and 11-4% at 4-4 .tmol/l and 3% and 3-8% at 19-2 lmol/l, and sensitivity of the method was 0 5 itmol/l.
For measurements of both copper and zinc, quality control was effected by incorporating specimens from the Guildford quality control scheme in each batch of assays. No analysis was accepted where the result for control serum samples differed by more than one standard deviation from the mean.
Whole blood was employed for measurement of lead. Preparation of leucocyte pellets for determination of zinc was undertaken, using lithium heparinised venous whole blood, dextran separation of leucocytes, centrifugation, and repeated washing. The protein determination was by the Lowry technique.
Analysis of hair copper was by atomic absorption spectrophotometry, which was also employed for the determination of the copper and zinc concentrations in breast milk and amniotic fluid.
Growth measurements. Accurate measurements of weight, length, arm circumference, occipitofrontal circumference, and subscapular and triceps skinfold thicknesses were obtained at birth and at 8-10 weeks after birth. Crown-heel length was measured using a Holtain neonatometer, infants were weighed on standard beam scales, occipitofrontal circumferences and mid-arm circumferences were measured to the succeeding millimetre using a paper tape, and skinfold thicknesses were measured using Holtain callipers (British Indicators Ltd).
Results
Infants of low birth weight and on the low copper diet ingested 0.08 [tmol (4- Breast milk analyses showed that the breast fed infants took in 0*58 ,tmol (37 j,g) of copper and 2-71 ,umol (177 ,ug) of zinc for every 100 ml ingested, giving a copper:zinc ratio in the breast fed infants diet of 0.21. The copper:zinc ratio for infants fed low copper formula was 0-006 and for those fed the high copper formula was 0-08.
Concentrations of copper and zinc in the venous blood plasma from the mothers at 28 weeks' gestation, at birth, and at 8-10 weeks after birth, together with concentrations in the umbilical venous plasma and infant capillary plasma at 8-10 weeks after birth are shown in Table 2 . There was no significant correlation between copper or zinc concentrations measured in the three maternal plasma samples. There was a significant correlation between copper concentrations in maternal plasma taken at the time of birth and in the umbilical venous plasma. Zinc concentrations showed a similar correlation. The appropriate values for plasma copper concentrations were r=0-31 and p<0001 and for plasma zinc concentrations were r=0-17 and p<0.001.
The mean plasma zinc concentrations in maternal blood were not significantly different between 28 weeks' gestation and delivery but increased significantly after the birth of the infant. Similarly, the mean plasma copper concentration in maternal blood at 28 weeks' gestation and at birth were not significantly different, but after birth the concentrations fell to normal values. Concentrations of copper and zinc in the infant's plasma 8-10 weeks after birth did not correlate with any of the other measurements of copper and zinc.
Amniotic fluid copper concentrations obtained from six low birthweight infant deliveries ranged from 1*6 to 16.5 (mean (SD) -8 5 (6.3)) jmol/l and zinc from 1.5 to 14-2 (7-3 (4-7)) j,mol/l. Values for copper obtained from amniotic fluid samples from 24 normal birthweight infants ranged from 0.5 to 14-0 (3.2 (3.7)) jmol/l and for zinc from 0.3 to 30-6 (8-6 (9-0)) jmol/l.
All plasma copper and zinc concentrations displayed essentially normal distributions. In the case of amniotic fluid, copper and zinc concentrations and leucocyte zinc concentrations log-normal distributions obtained. Table 3 shows plasma and leucocyte zinc concentrations in mothers before, at, and after delivery and in the infants at delivery in low birthweight and normal birthweight groups. When the ratios of plasma zinc:leucocyte zinc in maternal blood at delivery were examined in relation to infant birth weight there was a significant negative correlation (r=-0-38; y (ratio)=2-86-0-47x(birth weight), n=68).
Comparison of values in low and normal birth weight infants. There were no significant differences between the mean copper concentrations in the blood of mothers having low and normal birthweight infants at any of the sampling times. Similarly, there were no significant differences in the umbilical venous plasma copper concentrations or in the infants' plasma concentrations at 8-10 weeks. There was no difference in the mean plasma zinc concentrations for low and normal birthweight infants at 8-10 weeks. There were significant differences in the mean plasma zinc concentrations between the mothers of low and normal birthweight infants at 28 weeks' gestation, at delivery, and at 8-10 weeks after birth; in each instance the higher zinc concentrations were in the low birthweight group. The umbilical venous plasma zinc concentrations were significantly higher in the low birthweight than in the normal birthweight infants.
Considering the four pairs of means together and bearing in mind that the serial zinc concentrations are not correlated, the results indicate that mothers Effect of the feeding regimen. There were no significant differences in umbilical venous plasma copper concentrations between low and normal birthweight infants; consequently, the data for these two groups have been combined when comparing the plasma copper concentrations obtained from infants on the three feeding regimens (Table 4) .
Mothers who breast fed their infants tended to have lower plasma copper concentrations than the other mothers; the differences, however, between the mean concentrations at 28 weeks' gestation, at birth, and at 8-10 weeks after birth were not significant. The mean umbilical venous plasma copper concentrations were almost identical for the three groups of infants. Breast fed infants aged 8-10 weeks had the highest mean plasma copper concentration, the infants in the low copper group the lowest, and the infants in the high copper group an intermediate value. The difference between the mean plasma copper concentration for the infants who were breast fed and the infants in the low copper group did not reach significance at the 5% level (p=0-086). The plasma zinc concentrations in the breast fed infants were also greater than the values found in the formula fed infants, and it is noticeable that the lowest mean plasma zinc concen- Table 4 ).
The mean plasma copper:zinc ratios were similar despite wide differences in the dietary ratios of copper and zinc in the three feeding regimens. Table 5 gives the increments between birth and 8 weeks in the low and normal birthweight infants fed their mother's breast milk or high or low copper content formulas.
Infant growth. Rates of growth of the infants during the first eight weeks after birth were calculated as the arithmetic difference of their measurements taken at birth and at 8 weeks; rates of growth were ascertained for each of the six measurements weight, length, head circumference, arm circumference, and triceps and subscapular skinfold thicknesses (Table 6 ).
Analyses of variance were carried out for normal Table 6 Growth increments between birth and 8 weeks in low (<2500 g) and normal (>2500 g) birthweight infants fed low or high copper content formulas or human milk 
and low birthweight categories and for each of the six measurements in each of the three feed categories. No consistent dietary effect was found except for a greater increase in triceps skinfold thickness in normal birthweight breast fed infants (mean increase in triceps skinfold thickness for infants who were breast fed was 3-8 mm, for infants in the low copper group was 2-9 mm, and for infants in the high copper group was 2-3 mm). The triceps skinfold thicknesses of the infants fed the high and low copper content formulas did not differ significantly from each other. The difference between the breast fed and formula fed infants was significant at a 1% level. Despite this, the difference may be unremarkable; with so many comparisons being made it is not surprising that one of them achieved significance.
A series of 20 tables giving fuller information about infant growth characteristics as well as the full results of biochemical analyses of concentrations of maternal and infant plasma copper and zinc, maternal and umbilical venous leucocyte zinc, blood lead, amniotic fluid copper and zinc, breast milk copper and zinc, and infant's hair copper at 8 weeks can be obtained. *
Discussion
The dietary requirement of the fetus for copper must be met from the maternal diet and maternal tissue reserves, and in turn this might influence the copper reserves in the preterm or term newborn. Bioavailability of copper depends on various factors, including concentrations and distribution of copper binding and carrying proteins and concentrations of other dietary constituents, including phytate and zinc.
Sturgeon and Brubaker described the typical clinical features of copper deficiency in infancy in 1956,4 and Al-Rashid and Spangler described an infant of low birth weight who developed oedema, anaemia, bone disease, and recurrent apnoea associated with a low plasma copper concentration in 1971.5 Both studies showed that these abnormalities could be corrected by giving copper supplements. Since then numerous reports of isolated copper deficiency in infants have been published.3 18 Copper deficiency in preterm low birthweight infants has already been reported from Glasgow and a previous dietary survey showed very low copper intakes during infancy.
In the present study there was no obvious Mean haemoglobin concentrations and packed cell volumes at 8-10 weeks of age were not significantly different between the six groups of infants in this study. Evidently, copper reserves and copper intakes were adequate to maintain haemoglobin synthesis in spite of intakes below the recommended minimum.
Whether there will be long term effects on body tissues from such low copper intakes is unknown. Copper is present in many intracellular enzymes, and reduced function of these in the copper deficient state may interfere with collagen synthesis through a deficiency of lysyl oxidase activity and poor quality elastin. The function of the copper dependent superoxide group of enzymes is to protect the cell from the superoxide radical, and failure of antioxidant mechanisms has been reputed to increase the rate at which tissues age.
Although the dietary ratios of copper and zinc in the breast fed infants and infants in the low copper group were very different, mean plasma copper:zinc ratios were similar. Infants fed high copper formula had a greater mean plasma copper:zinc ratio than breast fed infants or infants fed low copper formula.
Copper and zinc are biological antagonists, and dietary supplementation with zinc in man reduces the copper:zinc ratio in plasma. '3 14 In rats reduced copper:zinc ratios were associated with hypercholesterolaemia,5 but recent workers have failed to confirm this. '6 Influence of maternal intakes of copper and zinc during pregnancy on the growth rates of the fetus have been examined.17-2' There was no obvious correlation between the amniotic fluid copper and zinc concentrations and infant birth weight or gestational age.
The maternal plasma copper and zinc concentrations and maternal white blood cell zinc concentrations in this study also failed to show any direct correlation with infant birth weight. Mean white cell zinc concentration in mothers with light for dates, growth retarded infants was lower than in mothers of appropriately grown preterm and term normal birthweight infants, but these differences failed to reach significance. This might reflect the small numbers studied.
The data indicate that ratios of maternal venous plasma zinc to leucocyte zinc at delivery are related to infant birth weight. Further investigation of the association of a fairly high plasma and low leucocyte zinc as a possible index of maternal zinc deficiency and impaired fetal growth is warranted.
Dietary zinc deficiency has been postulated in young women who are not pregnant in West Scotland.22 The present study did not examine maternal intake but confirms the high plasma zinc concentrations reported in mothers of low birthweight infants during pregnancy.23 24 No overt pre-eclampsia occurred in our mothers of low birthweight infants. These same mothers had lower mean white blood cell zinc concentrations than mothers of normal birthweight infants at 28 weeks' gestation, at delivery, and at two months post partum. This might be explained by a relative reduction in zinc binding substances within leucocytes and an increase in plasma zinc binders in the blood of mothers of low birthweight infants but cannot be explained on the basis of plasma volume differences2" or free zinc concentrations.25 These important findings clearly justify further investigation into the role of zinc in fetal and infant development.
The infants studied had copper intakes below the minimum WHO recommendations without obvious physical or biochemical problems at the age of 2 months. With present milk formulas it is unlikely that WHO minimum recommendations for copper intake can be achieved. Either there is a subclinical copper deficiency state in infants or the WHO recommendations are in error. If manufacturers increase only the copper content in their formulas to achieve the WHO recommendations this could critically reduce the bioavailability of zinc in their formulas. Although the infants in this study were all healthy, infection or other illness might precipitate a problem associated with 'borderline' copper intakes.
The extraordinary adaptability of the human newborn infant to wide variation in copper intake and in copper:zinc ratio intake is noted. Whether there is any long term consequence of such adaptation remains to be proved. fed infants. 
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